Introduction {#s1}
============

Abiotic stresses such as drought and cold are major limiting factors for crop growth and reproduction. To respond to these stresses, plants have evolved a variety of biochemical and physiological mechanisms that allow them to adapt to adverse conditions ([@CIT0002]). Many of the adaptation mechanisms are related to changes in endogenous abscisic acid (ABA) levels. For example, under drought conditions, the ABA level can rise about 40-fold, triggering closure of stomata and regulating an array of ABA-dependent stress-responsive genes ([@CIT0038]). Genetic modifications of genes for ABA homeostasis or ABA signalling often result in significant changes in drought tolerance ([@CIT0014]). Nevertheless, the role of ABA in other stresses, such as cold, remains unclear. Many genes are induced by cold stress but are not responsive to exogenous ABA treatment ([@CIT0031]), suggesting the existence of ABA-independent signalling pathways for cold stress. Among these, C-repeat/dehydration-responsive element binding factors and ICE1 were found to be essential for plant survival under cold stress ([@CIT0040]).

Auxin or indole-3-acetic acid (IAA) is a well-known phytohormone required for plant morphogenesis, including tropistic growth, root patterning, vascular tissue differentiation, axillary bud formation, and flower organ development ([@CIT0045]). Increasing evidence suggests a potential link between stress and auxin responses. Transcript profiling has revealed that many auxin-responsive genes are also responsive to cold stress ([@CIT0015]). Basipetal auxin transport in the inflorescence is abolished under cold conditions and restored to the wild-type (WT) level soon after the plant is returned to room temperature ([@CIT0025]). A recent study demonstrated that the effect of cold stress on auxin is linked to the inhibition of intracellular trafficking of auxin efflux carriers ([@CIT0030]). Auxin may also play a crucial role in plant responses to drought stress. Transcript profiling has revealed that the expression levels of many auxin-related genes are changed under dehydration ([@CIT0015]). In *Arabidopsis*, the R2R3-type MYB transcription factor MYB96 regulates lateral root meristem activation under drought conditions, possibly through an ABA--auxin signalling crosstalk, and the MYB96-knockout mutant produced more lateral roots and was more susceptible to drought stress ([@CIT0029]). Activation of the *YUCCA7* (*YUC7*) gene, encoding a flavin monooxygenase belonging to the tryptophan-dependent auxin biosynthetic pathway, resulted in elevated endogenous auxin levels and enhanced drought resistance in *Arabidopsis* ([@CIT0020]).

Maintenance of IAA homeostasis is achieved through conversion of free and active IAA to an inactive form via conjugation of IAA with amino acids (such as Asp, Ala, and Phe). This occurs by IAA-amido synthetases belonging to the GH3 family, which are conserved in monocots and dicots ([@CIT0033]). GH3 proteins have been classified into three groups. Members of group I can adenylate jasmonic acid (JA) *in vitro* and have JA-amino synthetase activity, whereas group II are able to adenylate IAA and catalyse IAA conjugation to amino acids through amide bonds ([@CIT0034], [@CIT0033]). Therefore, groups I and II are involved in the homeostasis of JA and IAA, respectively, through the conjugation of the hormones to amino acids. However, no adenylation activity on the substrates tested was found for group III members, and group III *GH3* genes are absent in rice ([@CIT0016]). In addition to the functions in growth and development, *GH3* genes also participate in plant resistance to biotic and abiotic stresses. For example, *OsGH3-8* and *OsGH3-1*, belonging to group II of the rice GH3 family, have been reported to have dual roles in development and fungal resistance through the regulation of auxin levels ([@CIT0008]; [@CIT0009]). In rice, *OsGH3-13*, another group II member, is inducible by drought stress, and OsGH3-13-activated rice showed alterations in plant architecture and tissue patterning, enhanced drought tolerance, and reduced endogenous free IAA maxima and ABA synthesis ([@CIT0042]).

In a previous study, overexpression of the GH3 family gene *OsGH3-2* resulted in basal disease resistance by suppressing pathogen-induced IAA accumulation ([@CIT0012]). In this study, we examined further the morphological changes and stress responses resulting from *OsGH3-2* overexpression. Our results demonstrated that *OsGH3-2* overexpression resulted in drought hypersensitivity and reduced ABA levels. Strikingly, the *OsGH3-2* overexpressing rice showed increased resistance to cold stress. These results provide evidence that a change in auxin homeostasis can influence ABA synthesis, and that the balance of auxin and ABA homeostasis plays a crucial role in diverse stress responses, as well as in developmental processes in rice.

Materials and methods {#s2}
=====================

Plant materials {#s3}
---------------

Transgenic rice for *OsGH3-2* overexpression in a Mudanjiang 8 (*Oryza sativa* subsp. *japonica*) background produced in a previous study ([@CIT0012]) and *OsGH3-2* promoter fused to the β-glucuronidase gene (*GUS*) were used in this study.

Stress treatments {#s4}
=================

Positive *OsGH3-2*-overexpressing seedlings were selected by germinating transgenic seeds on Murashige and Skoog medium with 100mg l^--1^ hygromycin for 7 d, and the seedlings were then transferred into soil. To test drought tolerance at the seedling stage, overexpressing and control plants, each occupying half of each pot, were grown to the five-leaf stage and the water supply was then stopped. After severe drought stress (all leaves wilted, 4 d after stopping watering) and recovery with watering, survival performance was photographed and recorded. To induce cold stress at the seedling stage, plants at the five-leaf stage were transferred to a growth chamber at 4 °C with 14h light/10h dark for 5 d, and then moved back to normal growth conditions (30 °C, 14h light/10h dark) for recovery. Cold stress testing at the reproductive stage was performed in the same manner as at the seedling stage.

Physiological measurements {#s5}
==========================

To measure water-loss rates, healthy and fully expanded leaves were sampled from rice plants and placed immediately in a dry plastic bag in an icebox. The leaves were weighted over a time course as indicated in [Fig. 7D](#F7){ref-type="fig"}. Stomatal closure was monitored by scanning electron microscope (JSM-6390LV; JEOL, Japan). Cell-membrane penetrability was evaluated by the relative conductance (R1/R2) of the cell membrane under cold stress. The top fully expanded leaves were sampled and washed with dH~2~Oseveral times. The sampling was consistent in replicated experiments. The conductance of a leaf segment surging in 20ml ddH~2~O for 6h (R1) and after boiling for 15min (R2) was measured. All stress-tolerance testing experiments were repeated three times. The relative activity of superoxide dismutase (SOD) was measured as described previously ([@CIT0007]) with minor modifications ([@CIT0010]). A paired *t*-test was used to determine the difference between the overexpressing line (or mutant) and WT.

![Stomatal aperture and water-loss assays. (A) Stomatal aperture of leaves of D176UM11 and WT' plants observed with a scanning electron microscope. (B) Stomatal aperture of the ABA-deficient mutant *phs3-1* and its WT (XS11). (C) Frequency of open stomata. Values are means ±SD (*n*=6). Statistical significance is indicated by \*\* (*P* \<0.01, *t*-test). (D) Water-loss assay of leaves from D176UM11, *phs3-1*, and WT controls.](exbotj_ers300_f0007){#F7}

RNA extraction and real-time PCR {#s6}
--------------------------------

RNA was extracted using TRIzol reagent (Invitrogen, CA, USA). For real-time PCR, 5 µg of total RNA was digested by DNase I and reverse transcribed by Superscript III reverse transcriptase (Invitrogen) according to the manufacturer's protocol. The details of the procedure for real-time PCR have been described previously ([@CIT0010]). All amplification plots were analysed with an *Rn* threshold (reporter signal normalized to the fluorescence signal) of 0.2 to obtain threshold cycle (*C* ~T~) values. The relative expression level was determined based on the 2^∆∆CT^ method ([@CIT0024]) by using rice *Actin1* as an internal control. The primers for real-time PCR are listed in [Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online.

Histological assays {#s7}
-------------------

Stem node sections of plants were stained with haematoxylin to indicate lignin levels. The procedures of staining, dehydration, clearing, infiltration, and embedding were performed according to the method of [@CIT0043]. The microtome sections (8--10 µm) were mounted on glass slides for imaging. For the hydrochloric acid/phloroglucin stain, 0.3× phloroglucin was added to horizontal sections of leaves for 2min and then diluted with 0.3× hydrochloric acid. Photographs were taken using a Nikon 80i microscope. For diaminobenzidine (DAB) staining, leaves were vacuum infiltrated with 0.1mg m^--1^ of DAB in 50mM Tris/acetate buffer (pH 5.0). Samples were incubated for 24h at room temperature in the light. To remove chlorophyll, the stained samples were transferred to 95% ethanol and incubated at 100 °C for 15min, and this process was repeated several times.

Quantification of carotenoids, ABA, and auxin {#s8}
---------------------------------------------

To quantify carotenoid contents, samples were ground to a fine powder in liquid nitrogen. Carotenoid pigments were analysed by reverse-phase high-performance liquid chromatography (HPLC), with modifications from a previous method ([@CIT0023]; [@CIT0003]). Chromatography was carried out with an Agilent 1100 series (Agilent, USA). Carotenoids were eluted with methanol:methyl *t*-butyl ether:H~2~O (81:15:4, v/v; eluent A) and methanol:methyl *t*-butyl ether:H~2~O (10:90:4, v/v; eluent B) by a reverse-phase 5 µm C30 column (250×4.6mm; YMC, Japan). The linear elution gradients started with 100% eluent A and were followed by a gradual increase of eluent B, reaching 100% in 90min; the initial condition was then used for re-equilibration. The analysis was conducted under subdued lighting to avoid carotenoid degradation. The HPLC-grade β-carotene, violaxanthin, and lutein standards were obtained from Sigma (St Louis, MO, USA). Peaks were normalized relative to the internal standard, as described previously ([@CIT0028]). For ABA and auxin extraction, 100mg of four-leaf-stage seedlings were extracted twice with 900 µl of extracted buffer (methanol:H~2~O:acetonitrile, 90:9:1, v/v). Quantification was performed in an ABI 4000Q-TRAR LC-MS system (Applied Biosystems, USA) with stable-isotope-labelled ABA and auxin as standards (OlChemIm, Czech Specials), according to a method described previously ([@CIT0021]).

Results {#s9}
=======

Morphological abnormality of OsGH3-2 overexpression in rice {#s10}
-----------------------------------------------------------

To examine whether auxin homeostasis had any effect on environmental stress tolerance in rice, plants overexpressing *OsGH3-2* were selected because the auxin levels were significantly reduced in the *OsGH3-2* overexpressing lines ([@CIT0012]). We first examined the morphological changes resulting from impaired auxin homeostasis. Compared with the WT genotype (segregated from the heterozygous transgenic lines at the T~0~ generation and referred to as WT' hereafter), the *OsGH3-2* overexpressing rice lines (e.g. D176UM11) showed prominent morphological changes including dwarfism, increased leaf angle, shortened flag leaf length, and smaller panicles and internodes ([Fig. 1A](#F1){ref-type="fig"}--G, I, J). In fact, at the mature stage, all the leaves of the overexpressing line were shorter than those of WT' ([Supplementary Fig. S1A](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online), but the relative water content in the leaves had showed no significant difference ([Supplementary Fig. S1B](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online). Such extreme phenotypes imply that *OsGH3-2* overexpression has detrimental effects on basic development in rice. The transgenic lines used in this study had been reproduced for a few generations, and we measured the transcript level of *OsGH3-2* by real-time PCR and confirmed overexpression of this gene ([Fig. 1H](#F1){ref-type="fig"}).

![Morphological phenotypes of *OsGH3-2* overexpression in rice. (A) Adult plants of WT' (WT genotype segregated from the *OsGH3-2* overexpressing transgenic rice) and one positive overexpressing line, D176UM11, at the heading stage. (B) The angle of the second leaf at panicle development stage. (C, D) The flag leaf and main culm. (E, G) The panicle and seed. (H) Expression level of *OsGH3-2* in overexpressing lines relative to WT'-1 or WT'-2 (normalized to 1). (I, J) Statistical analyses of the internode lengths and the angle of the second leaf at panicle development stage. Statistical significance is indicated by \*\* (*P* \<0.01, *t*-test). Values are means ±standard deviation (SD) (*n*=3).](exbotj_ers300_f0001){#F1}

To elucidate the cellular basis of the morphological changes, cross-sections of leaves were measured and stained with hydrochloric acid/phloroglucin for indication of the lignin levels. The lignin levels in vascular tissues and leaf blade thickness ([Fig. 2A](#F2){ref-type="fig"}) were significantly decreased in the overexpressing line. Detached epidermis from the leaf blade also showed a shortened cell size ([Fig. 2B](#F2){ref-type="fig"}). Longitudinal sections of internodes showed that cell size was also significantly decreased in the overexpressing line ([Fig. 2C](#F2){ref-type="fig"}). These results indicated that the reduced stature of the plants overexpressing *OsGH3-2* was mainly due to the reduction in cell size, which is a typical characteristic of auxin deficiency in plants. Because auxin homeostasis plays an essential role in root development ([@CIT0046]), we examined the root system of the *OsGH3-2*-overexpressing rice plants. During the entire life cycle of rice grown under normal conditions, the overexpressing line had significantly fewer but longer crown roots with reduced root-hair density ([Fig. 2D](#F2){ref-type="fig"},[2E](#F2){ref-type="fig"}). Nevertheless, there was sustained moderate drought-induced faster elongation of crown roots in the overexpressing line compared with WT' ([Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online).

![Histological and dynamic analyses of WT' and the *OsGH3-2*-overexpressing line. (A) Cross-section and hydrochloric acid/phloroglucin staining of the leaf blade at the seedling stage and statistical analysis of leaf thickness. Statistical significance is indicated by \*\* (*P* \<0.01, *t*-test). (B) Detached epidermal cells of leaves from D176UM11 and WT'. (C) Longitudinal sections the first node of WT' and D176UM11 plants. (D) Crown root and root hair of WT' and D176UM11 at 7, 14, and 28 days after germination. (E) Statistical analysis of the number of crown roots and root length at 7, 14, and 28 days after germination.](exbotj_ers300_f0002){#F2}

Expression pattern of *OsGH3-2* {#s11}
-------------------------------

The tempo-spatial expression pattern of *OsGH3-2* was investigated by searching the CREP rice gene-expression database containing microarray data for more than 30 tissues and organs covering the entire life cycle of rice ([@CIT0039]), and the results were confirmed by quantitative PCR. *OsGH3-2* was expressed in most of the tissues and organs and had relatively high levels in calli, leaves, and roots, and low levels in the panicles and stems ([Fig. 3A](#F3){ref-type="fig"} and [Supplementary Fig. S3A](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online). The *OsGH3-2* transcript level was rapidly induced (four- to fivefold) by IAA, whereas it was slightly suppressed by ABA. *OsGH3-2* expression was induced by drought, with the transcript level increasing to a peak of nearly eightfold on d 3 after the stress was applied. Contrary to our expectations, *OsGH3-2* was notably suppressed by cold stress ([Fig. 3A](#F3){ref-type="fig"}). To check whether the drought-induced expression of *OsGH3-2* depended on ABA synthesis, we investigated the expression levels of *OsGH3-2* in four ABA-deficient mutants, *phs1*--*phs4* ([@CIT0011]). Under normal growth conditions, the transcript levels of *OsGH3-2* in the mutants were similar to those in the WT. Under drought stress, the induced levels of *OsGH3-2* in the mutants were not significantly different compared with those in the WT ([Fig. 3B](#F3){ref-type="fig"}). These results suggested that the drought-induced expression of *OsGH3-2* may not depend on ABA synthesis. To examine further the expression profile of *OsGH3-2*, the *OsGH3-2* promoter was fused to *GUS* ([Fig. 3C](#F3){ref-type="fig"}) and transformed into rice Zhonghua 11. Strong GUS activity was detected in the calli, pulvinus, young leaf blades, primary roots, and leaf sheaths, whereas only slight activity was detected in the stems, spikelets, and immature seeds ([Supplementary Fig. S3B--H](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1)). When the P~*OsGH3-2*~::GUS transgenic plants were subjected to drought and cold stress conditions, strong induction and suppression of GUS was observed in the respective treatments ([Fig. 3D](#F3){ref-type="fig"}), which is consistent with the quantitative PCR result.

![Expression profile of *OsGH3-2*. Relative expression levels were compared with the first sample from the left (normalized to 1) in each graph. (A) Expression level of *OsGH3-2* under treatments of ABA (200 µM), IAA (200 µM), cold and drought stress at the five-leaf-stage, and in various tissues or organs examined by quantitative real-time PCR: 1, culm; 2, node; 3, sheath; 4, three-leaf-stage shoot; 5, hull; 6, seed; 7, secondary branching of inflorescence; 8, anther; 9, calli induction stage; 10, calli screening stage; 11, calli differentiation stage; 12, young shoot; 13, young root; 14, flag leaf in the morning; 15, flag leaf in the evening; 16, pulvinus. (B) *GH3-2* transcription levels in the ABA-deficient mutants and WT XS11 (for mutant *phs3-1*) and WT RBQ (Nipponbare, for mutants *phs1*, *phs2*, and *phs4*). (C) Diagram of the P~*OsGH3-2*~::GUS construct and expression patterns of GUS driven by the *OsGH3-2* promoter in transgenic rice plants. (D) GUS staining showing the leaf blade under cold and drought stress at the seedling stage.](exbotj_ers300_f0003){#F3}

Overexpression of *OsGH3-2* decreases drought resistance {#s12}
--------------------------------------------------------

The induced expression of *OsGH3-2* by drought stress prompted us to test the overexpressing transgenic rice for drought tolerance. Two *OsGH3-2*-overexpressing lines (D176UM11 and D176UM14 at the T~4~ generation) and WT' were grown in a field with three biological repeats. Plants at the five-leaf stage were subjected to drought stress. During the stress, the transgenic plants showed drought-stressed symptoms (such as leaf wilting) earlier than the WT' ([Fig. 4A](#F4){ref-type="fig"}). After recovery for several days, the overexpressing lines had a significantly lower survival rate (\~20--30%) than the WT' ([Fig. 4B](#F4){ref-type="fig"}). We measured SOD activity in the *OsGH3-2*-overexpressing and WT' rice plants because SOD plays an important role in eliminating reactive oxygen species (ROS) induced by drought. Compared with WT', the SOD activity in the overexpressing lines was slightly higher before the stress but was significantly lower after the stress ([Fig. 4C](#F4){ref-type="fig"}). This result was similar to the SOD changes in a carotenoid-ABA-deficient mutant, *dsm2*, in our previous report ([@CIT0010]), implying that overexpression of *OsGH3-2* may impair ROS scavenging under drought stress.

![*OsGH3-2*-overexpressing rice shows increased drought sensitivity. (A) WT', D176UM11, and D176UM14 plants before drought stress and after recovery. (B) Survival rate after recovery. (C) Determination of relative SOD activity in leaves. Statistical significance is indicated by \* (*P* \<0.05) and \*\* (*P* \<0.01) (*t*-test). Values are means ±SD (*n*=3).](exbotj_ers300_f0004){#F4}

Improved cold and oxidative stress tolerance of *OsGH3-2*-overexpressing rice {#s13}
-----------------------------------------------------------------------------

The strong suppression of *OsGH3-2* by cold stress prompted us to test the *OsGH3-2*-overexpressing lines for cold tolerance. Two *OsGH3-2*-overexpressing lines were subjected to cold stress (see Materials and methods) with three biological repeats at the seedling stage. During the cold treatment, the WT' plants wilted earlier than the overexpressing plants. During the recovery period (cold-stressed plants were transferred to normal growth conditions), the *OsGH3-2*-overexpressing plants performed significantly better than WT' in terms of the leaves remaining green and survival rate ([Fig. 5A](#F5){ref-type="fig"}). After 7 days of recovery, more than 80% of the transgenic plants remained vigorous, whereas almost all WT' plants died ([Fig. 5B](#F5){ref-type="fig"}). Cold stress often causes damage to cell membranes, so we further measured the cell-membrane penetrability, which has been well recognized as a parameter reflecting damage by cold stress. During the cold stress, the relative penetrability gradually increased but was significantly lower in the *OsGH3-2*-overexpressing rice than in WT' ([Fig. 5C](#F5){ref-type="fig"}).

![*OsGH3-2*-overexpressing rice shows enhanced cold resistance. (A) WT', D176UM11, and D176UM14 plants before cold stress and after recovery. (B) Survival rate after recovery. (C) Determination of membrane permeability. Statistical significance is indicated by \*\* (*P* \<0.01, *t*-test). Values are means ±SD (*n*=3).](exbotj_ers300_f0005){#F5}

To examine whether the IAA deficiency in the *OsGH3-2*-overexpressing line was related to oxidative stress, seeds of the overexpressing line and WT' were planted in Murashige and Skoog medium with 1 µM napthalene acetic acid (NAA), or 10 µM aminoethoxyvinylglycine (AVG), which is a strong inhibitor of auxin biosynthesis ([@CIT0032]). One-week-old seedlings were stained with DAB, and ROS production was induced by NAA, but was suppressed by AVG ([Fig. 6A](#F6){ref-type="fig"}), suggesting that auxin may play an important role in ROS production, which is related to oxidative stress. Furthermore, we tested the response of the *OsGH3-2*-overexpressing rice to methylviologen (MV), a well-known oxidative stress inducer that inhibits electron transport during photosynthesis and generates hydrogen peroxide in chloroplasts under light ([@CIT0005]). Seven days after treatment with 30mM MV, the chlorophyll content in *OsGH3-2*-overexpressing rice was significantly higher than that in WT' ([Fig. 6B](#F6){ref-type="fig"}). We measured the level of monodehydroascorbate (MDA), an important intermediate in oxidative stress, and found that the *OsGH3-2*-overexpressing line had a significantly lower MDA level after cold stress ([Fig. 6C](#F6){ref-type="fig"}). These results suggested that overexpression of *OsGH3-2* may also result in increased oxidative stress tolerance.

![Determination of ROS. (A) DAB staining of WT' and D176UM11 leaves at the two-leaf stage after NAA and AVG treatments. (B) The chlorophyll content under normal conditions and after MV treatment. Statistical significance is indicated by \* (*P* \<0.05) and \*\* (*P* \<0.01) (*t*-test). Values are means ±SD (*n*=3). (C) Relative MDA level of D176UM11 and D176UM14 plants after cold treatment. The MDA level under normal conditions was normalized to 1.](exbotj_ers300_f0006){#F6}

OsGH3-2 modulates auxin and ABA homeostasis {#s14}
-------------------------------------------

Because the transgenic rice had been propagated for a few generations, we rechecked the free IAA level in the *OsGH3-2*-overexpression lines at the seedling stage. The result showed that the free IAA level was significantly reduced in the *OsGH3-2*-overexpressing rice under normal conditions, which is consistent with a previous report ([@CIT0012]). Under severe drought stress, there was a slight decrease in the free IAA level in the WT', but overall the *OsGH3-2*-overexpressing lines contained significantly less free IAA than the WT' plants ([Table 1](#T1){ref-type="table"}).

###### 

Carotenoids, ABA, and free IAA contents in the overexpressing lines and WT' Leaves of D176UM11, D176UM14, and their controls were used for quantification by HPLC and HPLC mass spectrometry. Statistical significance is indicated by \* (P \<0.05) and \*\* (P \<0.01) (*t*-test). Values are means ±SD (*n*=3). Unit are ng g^--1^ of fresh leaf tissue.

  Component                 WT'-1              D176UM11                WT'-2               D176UM14
  ---------------------- -- --------------- -- -------------------- -- ---------------- -- --------------------
  Chlorophyll               1741.82±91.28      1723.57±47.1            1687.572±82.94      1692.39±84.35
  *Trans*-violaxanthin      491.34±29.48       487.16±23.19            468.573±38.57       464.89±31.34
  *Cis*-violaxanthin        256.1±20.12        253.19±14.28            255.91±28.36        243.56±15.97
  Lutein                    977.67±48.23       915.91±49.12            948.17±39.28        897.79±39.41
  α-Carotene                13.37±1.01         8.46±1.53^\*\*^         14.13±1.97          9.08±1.16^\*\*^
  *Trans*-β-carotene        354.76±20.27       275.38±17.29^\*\*^      362.13±22.3         287.23±11.29^\*\*^
  *Cis*-β-carotene          46.26±3.22         38.4±4.19^\*^           45.13±3.46          33.78±1.93^\*\*^
  ABAn                      20.89±1.38         15.28±1.04^\*\*^        20.56±1.87          16.36±1.33^\*\*^
  ABAd                      69.38±1.18         59.35±2.16^\*\*^        64.46±3.34          52.35±3.83^\*\*^
  Free IAAn                 6.58±0.42          4.09±0.37^\*\*^         6.94±0.31           4.16±0.28^\*\*^
  Free IAAd                 6.02±0.51          3.27±0.32^\*\*^         6.15±0.83           3.75±0.36^\*\*^
  ABAp                      18.64±1.05         14.78±0.94^\*\*^        19.76±0.89          15.36±0.77^\*\*^
  IAAp                      5.84±0.43          3.438±0.37^\*\*^        5.597±0.41          3.154±0.53^\*\*^

^n^ Normal conditions at the five-leaf stage.

^d^ Drought stress for 3 d at the five-leaf stage.

^p^ Normal conditions at panicle development stage.

We further examined whether ABA and some of its precursors were influenced. ABA levels in the *OsGH3-2*-overexpressing lines at the seedling stage were markedly decreased to 76% of that in the WT' ([Table 1](#T1){ref-type="table"}). After moderate drought stress, the ABA level was also significantly reduced in the *OsGH3-2*-overexpressing lines compared with WT' ([Table 1](#T1){ref-type="table"}). At the panicle development stage, the free IAA and ABA levels were also significantly reduced in the *OsGH3-2*-overexpressing lines compared with the WT' ([Table 1](#T1){ref-type="table"}). The levels of α-carotene and β-carotene were significantly reduced in the *OsGH3-2*-overexpressing lines under normal conditions ([Table 1](#T1){ref-type="table"}). However, the levels of violaxanthin and lutein, which are produced by β-carotene hydroxylase and α-carotene hydroxylase, respectively, were not changed. These results indicated that OsGH3-2 may contribute to carotenoid metabolism and ABA synthesis, especially at the level of α-carotene and β-carotene metabolism.

Decreased stomatal closure and increased water loss of *OsGH3-2*-overexpressing rice under dehydration stress {#s15}
-------------------------------------------------------------------------------------------------------------

Reduced ABA levels in the *OsGH3-2*-overexpressing rice prompted us to check the stomatal density and aperture by scanning electron microscope. Significantly (*P* \<0.01) more stomatal pores were open in the *OsGH3-2*-overexpressing rice under drought stress conditions but no difference in stomatal density was observed ([Fig. 7A](#F7){ref-type="fig"}, [C](#F7){ref-type="fig"}). This result was compared with the stomatal response of the ABA-deficient mutant *psh3-1*, which is partially impaired in ABA synthesis ([@CIT0011]). We observed that significantly (*P* \<0.01) more stomatal pores were open in the *psh3-1* mutant than in the WT under drought stress conditions ([Fig. 7B](#F7){ref-type="fig"}, [C](#F7){ref-type="fig"}), and the proportion of open stomata in the *psh3-1* mutant was slightly higher than that in the *OsGH3-2*-overexpressing line. In addition, we compared the water-loss rates of excised leaves from the *OsGH3-2*-overexpressing line and the *psh3-1* mutant. Both the *OsGH3-2*-overexpressing line and the mutant lost water faster than the corresponding control ([Fig. 7D](#F7){ref-type="fig"}), although the water-loss rate of the *psh3-1* mutant leaf was slightly higher than that of the *OsGH3-2*-overexpressing line. These results suggested that the reduced ABA level in the *OsGH3-2*-overexpressing rice may be associated with the drought sensitivity phenotype.

Expression level changes of ABA and auxin-related genes in *OsGH3-2-*overexpressing rice {#s16}
----------------------------------------------------------------------------------------

We tried to explain the decreased ABA levels in *OsGH3-2*-overexpressing rice by checking the expression levels of well-characterized genes for ABA synthesis and catabolism in rice. Many ABA synthesis genes, such as *OsCRTISO*, *OsPSY*, *OsTATC*, *OsNCEDs*, *OsLCY*, *OsZDS*, *NCED4*, and *NCED5*, were suppressed in the *OsGH3-2*-overexpressing rice, and ABA 8'-hydroxylase genes involved in ABA catabolism were significantly upregulated ([Fig. 8A](#F8){ref-type="fig"}). However, the expression levels of most genes related to ABA signalling were unchanged, except for *OsPP2C30* and *OsPP2C49* (slightly increased) and *OsbZIP23* (slightly decreased) in the *OsGH3-2*-overexpressing rice plants ([Fig. 8A](#F8){ref-type="fig"}).

![Expression levels of hormone-related genes. (A) Quantitative PCR analysis of genes related to ABA synthesis or signalling. (B) Quantitative PCR analysis of genes related to auxin signalling. Statistical significance is indicated by \* (*P* \<0.05) and \*\* (*P* \<0.01) (*t*-test). Values are means ±SD (*n*=3).](exbotj_ers300_f0008){#F8}

We also examined the expression of well-characterized auxin signalling genes in the *OsGH3-2*-overexpressing rice. The mRNA levels of *OsIAA20*, *OsRAA1*, and *OsSAUR39* were upregulated in *OsGH3-2*-overexpressing rice, whereas the expression levels of the other genes were unaffected ([Fig. 8B](#F8){ref-type="fig"}). These results suggested that the disruption of *OsGH3-2* affected the expression of many ABA synthesis and auxin-related genes, which may have contributed to the different phenotypes under drought and cold stresses.

Discussion {#s17}
==========

Overexpression of *OsGH3* family genes, including *OsGH3-1*, *OsGH3-2*, *OsGH3-8*, and *OsGH3-13*, in transgenic rice plants results in a decrease in free IAA content and similar morphological phenotypes including dwarfism, larger leaf angle, shortened flag leaves, and smaller panicles ([@CIT0008]; [@CIT0009]; [@CIT0042]; [@CIT0012]), and these characteristic phenotypes have been observed frequently in other auxin-deficient mutants. For example, double, triple, and quadruple mutants of *Arabidopsis YUCCA* genes display severe defects in plant architecture ([@CIT0005]). A double-mutant of *CYP79B2* and *CYP79B3* genes in *Arabidopsis* showed a slight reduction in IAA levels and weak growth related to auxin deficiency ([@CIT0044]). In addition, *OsGH3-1*, *OsGH3-2*, and *OsGH3-8* overexpression in rice was shown to result in enhanced defence responses and resistance to pathogens ([@CIT0008]; [@CIT0009]; [@CIT0042]; [@CIT0012]).

We tried to examine the function of *OsGH3-2* by suppressing its expression. The expression of *OsGH3-2* was significantly suppressed by RNA interference ([Supplementary Fig. S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online), but no significant change in the IAA and ABA levels was detected. The *OsGH3-2*-suprressed plants showed no difference compared with the WT under normal, drought, and cold stress conditions ([Supplementary Figs S4 and S5](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online). We suspect that the function of *OsGH3-2* might be compensated by other members of the *OsGH3* family, as there are eight OsGH3 members including OsGH3-2 in group II of the GH3 family.

The functions of *OsGH3* members may differ. For example, *OsGH3-13*-overexpressing rice exhibited downregulation of IAA, with an increased number of cell layers, smaller seeds, and fewer lateral roots during its life cycle ([@CIT0042]). In contrast, *OsGH3-2*-overexpressing rice, with decreased endogenous IAA ([Table 1](#T1){ref-type="table"}), displayed thinner leaves and longer and fewer crown roots, but the seed size was not changed according to our data ([Fig. 1G](#F1){ref-type="fig"} and Fig. 2A--D). Sequence analysis showed that some conserved amino acids of the GH3 family were incomplete in OsGH3-13 ([Supplementary Fig. S6 and Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online). Such sequence specificity may partially explain the phenotypic difference between the *OsGH3-2*- and *OsGH3-13*-overexpressing lines. Compared with *OsGH3-13*, *OsGH3-2* showed a distinctive expression profile in tissues and organs during vegetative and reproductive development ([Supplementary Fig. S3A](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1)). In addition, the ABA level was significantly increased in *OsGH3-13*-overexpressing rice compared with that in the control. *OsGH3-13* was strongly induced by drought but only slightly induced by ABA and cold stress ([Supplementary Fig. S7](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online), and the *OsGH3-13* overexpression rice showed increased drought tolerance. Compared with the expression pattern of *OsGH3-13*, *OsGH3-2* was induced by drought but significantly suppressed by cold stress ([Fig. 3A](#F3){ref-type="fig"}). Furthermore, drought-induced expression of *OsGH3-2* was independent of ABA synthesis ([Fig. 3B](#F3){ref-type="fig"}). These differences suggest that OsGH3-2 and OsGH3-13 each play specific roles in stress responses.

Previous studies revealed that crosstalk between ABA and auxin responses occurs mainly during seed germination and early seedling development, during which the ABA-dependent repression of growth is potentiated by auxin ([@CIT0026]; [@CIT0022]). A previous study indicated that both ABA and auxin may be involved in the promotion of drought-induced rhizogenesis ([@CIT0037]). RCN1 was characterized previously as a molecular component affecting auxin transport and gravitropism in *Arabidopsis*, and further studies have revealed that RCN1 also functions as a general positive transducer of early ABA signalling ([@CIT0013]; [@CIT0019]). These results indicate that ABA signalling crosstalks with auxin signalling at many levels. Furthermore, auxin stimulates lateral root formation and growth, but auxin-induced lateral root formation is completely suppressed by ABA, as seen in the *abi3* mutant, indicating that ABI3 may mediate the crosstalk between ABA and auxin signalling ([@CIT0036]). Another study showed that ABI3 is necessary for correct auxin signalling during lateral root formation, and the authors speculated that ABI3 interacts with ARF or AUX proteins ([@CIT0001]). In this study, *OsGH3-2*-overexpressing rice had fewer but longer crown roots and fewer root hairs than WT' under normal conditions ([Fig. 2D](#F2){ref-type="fig"} and [Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1)). Under mild drought stress, however, the crown root length of *OsGH3-2*-overexpressing rice was significantly shorter than that of WT' ([Supplementary Fig. S2B](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1)). ABA has been shown to have an important role in suppressing lateral root development (de Smet *et al*., 2006). Therefore, we speculate that the root-related phenotypes of the *OsGH3-2*-overexpressing rice are due mainly to the decreased ABA and/or auxin level(s), and that the defect in root growth under drought stress may also affect water uptake in the *OsGH3-2*-overexpressing rice ([Supplementary Fig. S2B](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1)). Recently, ABI5-like1 was reported to mediate the crosstalk of ABA and auxin responses by directly regulating a series of downstream genes containing an ABA-responsive element, providing new insights into the ABA and auxin signalling interactions ([@CIT0041]). We also investigated the responses of *OsGH3-2*-overexpressing rice to exogenous auxin and ABA. Although *OsGH3-2* was induced by both auxin and ABA, no significant difference was observed after treatment with 0.1 µM NAA, 1 µM NAA, or 3 µM ABA compared with the WT' ([Supplementary Fig. S8](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1) at *JXB* online). This result suggests that OsGH3-2 overexpression mainly influences ABA synthesis, although some signalling-related genes showed slight changes in the *OsGH3-2*-overexpressing line ([Fig. 8](#F8){ref-type="fig"}).

Mutants defective in synthesizing carotenoid precursors for endogenous ABA synthesis often show drought sensitivity ([@CIT0027]). Compared with WT', the *OsGH3-2*-overexpressing rice exhibited reduced ABA content ([Table 1](#T1){ref-type="table"}) and greater stomatal aperture, which resulted in faster water loss under drought stress ([Fig. 7A](#F7){ref-type="fig"}, [D](#F7){ref-type="fig"}). This phenotype is very similar to that of the ABA-deficient mutant *phs3-1*, implying that *OsGH3-2*-mediated ABA deficiency may be related to the increased drought sensitivity.

Cell-membrane systems are the primary sites of freezing injury in plants ([@CIT0035]). During cold stress conditions, *OsGH3-2*-overexpressing rice showed significantly lower cell-membrane penetrability compared with WT' ([Fig. 5C](#F5){ref-type="fig"}). Recent reports showed that cold stress affects auxin transport in *Arabidopsis* and causes downregulation of active auxin in wheat ([@CIT0030]; [@CIT0018]). MDA is an important intermediate in ROS scavenging, and a high level of MDA is toxic to plant cells. After cold stress, the *OsGH3-2*-overexpressing line had significantly lower MDA content ([Fig. 6C](#F6){ref-type="fig"}). Together, these results suggest that overexpression of *OsGH3-2* can improve cold tolerance in rice.

Unilateral application of auxin to vertical roots induced a transient increase in intracellular ROS in root convex endodermis related to root gravitropism ([@CIT0017]). A mutant of gene *AtGRXS17* that was defective in auxin sensitivity and polar auxin transport had a high level of ROS and severe cellular membrane damage under high temperature stress ([@CIT0004]). In this study, NAA treatment induced ROS in rice, while AVG treatment suppressed ROS production ([Fig. 6A](#F6){ref-type="fig"}). The *OsGH3-2*-overexpressing rice had a significantly higher chlorophyll content after MV treatment ([Fig. 6B](#F6){ref-type="fig"}) and a lower MDA level after cold treatment, suggesting a possible involvement of ROS in the stress tolerance.

Drought and cold cause different changes at transcriptional and physiological levels in plants ([@CIT0040]). Here, we showed that overexpression of the *OsGH3-2* gene had opposite effects on drought and cold tolerance. Based on our data, a simple model was proposed to explain the increased drought sensitivity and cold tolerance of the *OsGH3-2*-overexpressing rice ([Fig. 9](#F9){ref-type="fig"}). In contrast to the intensive molecular and genetic research of ABA deficiency related to drought, the function of auxin under cold stress and the balance of auxin and ABA metabolism under cold stress have received limited attention.

![Working model for the function of OsGH3-2 in response to drought and cold stress. (A) Overexpression of *OsGH3-2* causes a decrease in IAA. The decrease in IAA results in a decrease in the ABA level, which further results in decreased expression of some drought-response genes and faster water loss under drought stress conditions. The decrease in IAA also results in reduced numbers of lateral roots and root hairs, which may weaken water uptake. Decreases in IAA may also impair SOD activity. Together, these contribute to the drought sensitivity of *OsGH3-2*-overexpressing rice. (B) Overexpression of *OsGH3-2* impairs the accumulation of free IAA, leading to enhanced ROS scavenging ability and increased expression of some genes related to cold response and membrane permeability, which ultimately contributes to cold tolerance.](exbotj_ers300_f0009){#F9}

Taken together, our findings indicate that OsGH3-2 plays important roles not only in modulating auxin homeostasis but also in regulating the endogenous ABA level. We propose that the balance of auxin and ABA homeostasis is important for rice to respond to drought and cold stress via different mechanisms. Further investigation of ABA and auxin crosstalk at the levels of biosynthesis and signalling, as well as their roles in plant growth and responses to abiotic stresses, will help to elucidate the integrative effect of auxin and ABA homeostasis on plant growth and response to stresses.

Supplementary data {#s18}
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Supplementary data are available at *JXB* online.

[Supplementary Fig. S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1). (A) Leaf blade length of mature *OsGH3-2*-overexpressing rice. (B) Relative water content (RWC) in *OsGH3-2*-overexpression rice and WT'.

[Supplementary Fig. S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1). Root phenotypes under different growth conditions.

Supplementary Fig. S3. Expression profile of *OsGH3-2* and other members of the GH3 family.

[Supplementary Fig. S4](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1). Relative expression level (A) and phenotype (B) of *OsGH3-2*-RNAi transgenic rice under drought stress.

[Supplementary Fig. S5](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1). Phenotype of *OsGH3-2*-RNAi transgenic rice under cold stress.

[Supplementary Fig. S6](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1). Sequence alignment of OsGH3-2 and OsGH3-13.

[Supplementary Fig. S7](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1). Expression profiles of 13 *OsGH3* family genes under drought or cold stress.

[Supplementary Fig. S8](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1). Phenotypes of D176UM11, D176UM14, and WT' plants grown in medium with NAA or ABA treatment.

[Supplementary Table S1](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1). Primer sequences used in this study.

[Supplementary Table S2](http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ers300/-/DC1). Accession numbers and protein sequences for OsGH3-2 and OsGH3-13.
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